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Abstract

Anartificial intelligence approach to plaiming the robotic assembly
of large tetrahedral truss structures is ] nesented. 1 3ased on the com-
putational formalism known as production system, the approach ex-
ploits the simplicity and uniformity of the shapes of the parts and the
regularity of their interconnectionto drastically reduce the required
geometric reasoning computation. The global database consists of a
hexagonal grid representation of the truss styucture, T hisrepresenta-
tion captures the multiple hierarchies in tetrahedral truss structures
and allows a substantial reduction of the scarch space without sacrifi -
ing completeness. 1t allows the choice of a hicrarchy to be made only
when needed, thus allowing a nore informed decision. Testing the
preconditions of the production 1 ules is computationally inexpensive
because the patterned way iu which t he struts are interconnected is
incorporated into t he topology of the hexagon al grid representation. A
directed graph represeritation of assanbly sequences alows the use of
both graph scare]] and backtracking control strategies. I'he extension
of the approach to planning repair sequences is outl ined. A proto-
type planner, named TASP, has been implenented and  successfully
generated assembly sequences for a structw e made of 102 struts.




1 Introduction

Fig. 1 shows a tetrahedral truss structure similar to those that will 1.)(!' used in future space
missions [1 4]. The assembly, disasseinbly or repair of these large tress structures requires
carcful planning in order to guarantee that the parts are asseinbled, or disasscinbled, in a
correet and cfficient sequence. This planming, is needed regardless of whether the assembly
is executed by hum ans or by robots.

1 3ccause of the size and complexity of t hese t russ struet ures, even trained huinans inay
fail to detect dead-end sequences until alot of wor k has been done and it, is found that the
overall assembly cannmot be completed. 11] t he case of a repair inwhich a faulty strut is to
be replaced, anill-planned disassembly sequence may lead to an irreparable collapse of the
whole truss structure.

In addition to the difficulty humans have in guarantecing correctness in the planning,
process, they often fail to notice which possibilitics for the sequences are the most eflicient.
This difficulty is further aggravated by constant changes in the measure of the efliciency of
the assembly sequence. For examnple, the efliciency may be incasured by the total time it
takes to complete the assembly inone case, and by the total encrgy inanother case.

Morcover, hminans typically arc slow ingencrating asscinbly sequences. There are many
situat fons in which the sequence planning inust also be expeditious.  Speedill sequence
generation is particularly important in the case of a repair in which a faulty strut is to
be replaced. 14 is virtually iinpossible to preplan for every conceivable repair that may be
nceded. Speed in sequence generation is aso import antinthe desipn of the truss structures
because it alows the difficulty of asseimbly to be considered in the designprocess. A designer
may aso want{o take int 0 account the difliculty of repairing different structures.

"T'his paper presents an artificial intelligence approach to plaiming the asseinbly of large
tetrahedral truss structures based on t he computat ional formalism known as production
system. The approach exploits the shinplicity and uniformity of the shapes of the parts and
theregularity of their interconmection to drastically reduce the required geomnetric 1 casoning
comnputation. In addition, the approach uses a multihicrarchical representation that allows
a substantial reduction of the scarch space without sacrificing comnpletencss.

The robotic assembly facility of the NASA Langley Rescarch Center [14, 17] has been
used as the reference scenario. Fig. 2 shows that facility inschemna tic forn. The robot

arm is mounted on a base which is mounted on a cariiage that can translate along onc
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Iigure 1: Tetrahedral truss structure.

dircetion. The base where the robot is mounted can translate along a direction orthogonal
to the carriage translations, ‘J]) (XC {we motions allow the positioning of therobot armin
aCartesiancoordin ate systern. T'hie truss struct ure is mounted on a base that can rotate.
If neeessary, before a strut is assembled, the stiucture is turned and both the base of the
robot arm and the carriage are translated.

The asseinbly process consists of a succession of tasks, cach of which is the addition of
one strut, The process starts with all struts stored in pallets that are stacked on the same
base where the robot arin is mounted. The asscinbly process ends with all s(,1 uts properly
joined to form the whole structure. 1deally, aft er struts have been added, they are not
removed until the end of the asseinbly process.

Anasscinbly task is said to befeasible if there is a collision-free path to bring the stint,
to its position in the structure from a situation in which it is far apart, and if it is possible
to lock the joints that attach the strut to its nodes. Of course, the path should also avoid

collisions between the robot arm or the carriage and the t russ structure.

2 1 3ackground

Most, previous work on assemnbly sequence planning [1, 2, 4, 5,6, 07, 8,9,15, 19, 20] focused
o J E, ¥ b b Y ) )

on cleetromechanical and clectronic devices such as gearboxes, alternators, and disk drives.
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IFigure 2: Robotic assemnbly facility at the NASA Langley Rescarch Center.

The difficulty inplanning the assanbly sequence for those products stems, in some degree,
from the variety of part shapesand fromn thelack of regularity inthe way the picces are inter-
connected. To overcome this di fliculty, previous approaches used celaborate representations
of 1ncchanical asscinblics and complex geomnetric and syimbolic reasoning techniques.

Another difficulty in the autor nation of assembly sequence planming, for clectromechani-
cal and clectronic devices crones from the fast growth in the required computation with the
increcase in the number of parts. 1 ’revious apy roachies have overcome this problem by clus-
tering components into subasseinblies [9], thereby artificialy reducing the nunber of parts.
Many large products have natural subasscinblics that avise as a result of modular design as
well as of manufacturing advaritages. Clustering components into subassemblics sacrifices
completeness since sequen ces that interleave the asseinbly of parts of different subassenblies
cannot be generated. 1 3ut for most large products this 10ss of comnpletencess is not a serious
limitation because those natural subasscemblies are assembled independently anyway. 1
practice, a hicrarchical inodel of the asseinbly is used to implement the clustering of parts.
At the highest level, cach subassernbly is treated as a part.

Case-based reasoning has been used recently [11, 12] and successfully generated plans
by using a databasc of previously solved cases to solve a similar new problemn.

1 despite the recent progress in assembly planning it is still iimpracticable to use misting
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Figure 3: A small truss structwe and its subdivision into two pentahedral units.

plammers 1o generate an assemmbly sequence for assemblics containing a large number o f
parts, such as the structure shown in Fig. 1, whichis made of 102 struts, because of the
complexity of the reasoning involved and the large size of the solution space.

One way to reduce the computation, when planming the assembly of tetrahedral truss
structures, is to cluster the st ruts into subasseinblies. A truss structure such as the one
showr in Fig. 1 can be viewed as the commposition of tetrahedral and pentahedral units,
much like a solid that has a complex shape canbe trea ted as the composition of simple
solids that have faces in contact, one against the other. I'wo adjacent units share the struts
and nodes of their “contacting” faces. For example, the small truss structure shown in
IMig. 3a canbe regarded as the composition of the two pentahedral units shown in I¢ig. 3b.
Those two pentahedronshaveone face “in contact” and they sha re the struts and nodes
of that face. Similarly, the structure shown in Fig. 1 can be viewed as a composition of
tetrahedral and pentahedral units with faces “in contact.” Since in practice it is preferred
to finish the asscibly of one unit before beginning, the asseinbly of another [13], viewing
the structure as a composition of units should not be a problemn in the asseinbly sequence
planning.

One problem with using, a hicrar chical approach for planning, the assembly of tetrahedral
truss st ructures is that there are several wa ys to cluster the struts into those kinds of unit.
For example, in addit ion to the subdivision shown in Fig. 3b, there are two other ways in

which the simall truss structure shown in Ivig. 3a can be subdivided into two pentahedral
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Figure 4: T'wo additional subdivisions of the sinall tress structure (I'ig. 38) into two pen-
tah edral units.

units and these are shown in Fig. 4. Unlike electromechanical and clectronic devices, in the
casc of truss structures there is no manifacturing advantage in choosing one subdivision over
the others. Instead of having one natural hicrarchy of the parts, tetrahedral truss structures
have several hicrarchical models none of which is “mmore natural” than the others. When
the small structure shown in Fig. 3a is part of a large structure (e.g., Fig. 1), unless the
best assembly sequence is known in advance, choosing one of its subdivisions to create
a hicrarchical model will likely preclude the generation of the best assemnbly sequence.
Therefore, it is important that the representation of the problem captures the many distinet,
hicrarchics that occur in a tetrahedral truss structure.

A sccond way to reduce the computation, when planning the assembly of tetrahedral
truss structures, is 1o take advautage of the siinplicity and uniformity of the shapes of the
parts and the regularity of their interconnection. Unlike clectromechanical and electronic
devices, the tetrahedral truss structures are made of struts, all of which have the samne
cylindrical shape. Morcover, those struts are interconnected in a regular fashion. Because
the parts have the same shape and are interconnected in a patterned way, the mnodel of a

truss structure can explicitly incorporate the geometry of the set of parts.

o
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Figure 5: 'Three assemblics with diflerent geometry but same topology.

The models of asscinblies that have been used in previous work deseribe the shapes of all
parts and the geometric and mcechanical relationships between parts. Typically, assembly
models can be associated with graphs in which the vertices correspond to the parts and the
cdges Lo the geomnetric relationships hetween parts. The topology of the graph corresponds
to the topology of the parts in the assembly. But there is no relation between the geometry
of the set of parts in the assembly and the topology of the graph. Fig. 5 shows three siimple
asscemblies inade up of the same set of parts. Those asscemblics are associated with the same
graph, also shown in IFig. b, since the topology of the parts is the samne. But the geomnetry

of the parts in cach asseinbly is very different from the geometry of the parts in the others.

3 Planning the assembly of tetrahedral
truss structures

The computational formalism known as production systemn []J()] has been used for the au-
tomatic generation of asscinbly sequences for tetrahedral tress structures. There are three
major clements in a production systein: the global database, the set of production rules,
and the conitrol schieme. This section deseribes these three elements, outlines the extension
of the approach to plan repair sequences, and dicusses the main aspeets of a prototype that

has been implemented.




Figurce G: A subset of the structure shown in Irig. 1.

3.1 A mullihicrarchical representation of
tetrahedral truss structure

Therepresentation to be intioduced next is based 011 viewing t etrahedrons and oct ahedrons
as the building blocks of atetrahedralt russ structure. A pentahedron will be considered to
be a building block only whenit is not embedded inany octahedron. Asit will hecomne clear
below (after 1ig. 9), pentahedrons not contained in any oct ahedron occur at the periphery
of astructure. Iig. 6 shows a subset of the structure depicted in Fig. 1, and Fig. 7 shows
its building, blocks.

As discussed above, ! here are six cinbedded pent ahedronsinan octahedron. The nodes
of the octahedron shown in Idg. 3a have been nuinbered by analogy with the numbaers in
a clock face. The embedded pentahiedr o11s are refered to by the letter “P” followed by the
number of the vertex corresponding to their aim. Therefore, the pentahedrons shown in
Iig. 3b arcreferred to as 1'12 (top) and 1°6 (bot tom); the pent ahedrons shownin Iig. 4a are
referred to as 18 (left) and P2 (right); and the pentahedrons shown in Fig. 41) arereferred
to as 1'1 0 (left) and 1'4 (right).

I"ig. 3a shows a coordinate framnce associated with an octahedron. The ay plane contains
nodes 2,6, and 10. The 2z axis points out of the fipure, that is, nodes 4, 8, and 12 have
positive 2 coordinate. T'he octahedrons in a tr uss structure arc all par and to cach other.
‘J ‘herefore, the transformat ion between t he coordinate frames of two octah edrons isa pure

translation.
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Figure 7: The building blocks of the structure shown in Fig. 6.

Sometetrahedrons have three nodes 011 thie top plane and one node on the bottom planc.
These are referred to as tetrahedro n-down because they can be viewed as a pyramid pointing,
down. 1 'he other tetrahedrons, which have three nodes on the bottom plance and one node
onthe to]) plane, are referred to as tetrah edron-up. ¥ig. 8 shows the coordinate frames
associated with cachiype of tetrahedron. The 2 axis points out of the figure. The ay plane
containsnodes 1, ‘2, and3inthe case of tetrahedron-up (FFig. 8b), and only node 4 in the case
of tetrahedron-down (I''if,. 8a). All tetrahedrons-upinat, 1 ussstructureareparallelto cach
other, and all tet rahedrons-down are par allel to cach other, Therefore, the transformation
between the coordinate frames of two t etrahedrons-up (or two t etrahedrons-down)is a pure
translation.

A tetrahedral truss struct ure can be represented by a graphin which the vertices cor-
1espond to volumnetric units, and the edges correspondto “face-cotltacts” between adjacent
units. Fig. 9 shows a graphrepresentation for thie 1 02-strut truss structure shownin Fig. 1.

The geometry of this graph parallels that Of the truss stiucture. Because of the regularity
of the structures, their graph representation constitute a hexagonal grid. Inaddition, the
hexagonal prid can be mapped into a rectangular grid as shown in g, @ where the lines and

columns are Jabeled with their indices. Furthermmore, a coordinate frame can be associated
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Figure 8: The coordinate frames associated with cach type of tetrahedron: (a) tetrahedron-
down; (b) tetrahedron-up.

with the graph shown in IMig. 9. The graph’s 2 axis, which is parallel to the 2 axis of all
units, points down. And the graph’s y axis, which is parallel to the the y axis of all units,
points right.

y hexapons, triangles, and

There are three types of vertices, represented, respectively
half-hexagons. lexagon vertices correspond to octahedrons like the one shown in g, 3a.
Triangles correspond to tetrahedrons; triangles pointing down in the figure correspond to
tetrahedrons-down, and triangles pointing up correspond o telrahedrons-up.

Unlike regular graphs, in this representation the position and orientation of the vertices
are importan .. A coordinate frame is associated with e graph. Its axes are parallel to
those of the frames associated with the octahedrons. 1Sach vertex is oriented as s unit’s
parallel projection on the bottorn plane of the structure.

The half-hexagons cor espond to pentahedrons such as hose shown in Iigs. 3b, 4a,
and 4h. The half-hexagons are used only when there is no octahedron that includes the
cor ‘esponding pentahedron. Since there are six pentahed ons emmbedded in cach octahedron,
there are six orientations in which he half-hexagons may occur, and hey are shown in
Iiig. 10.

The edges in he graph representation of a truss structure correspond 1o those “face
that are common to two adjacent volwnetric units, hat is, those sets of three struts that
“belong” to bot 1 volumetric units.

The mapping of the graph representation into a cctangular grid gives rise to a data-
structure for a computer implementation: a two diimensional array in which each element
may contain information about onc building block of the truss structure. The indices of the
array clement indicate the position of the building block.

The edges in the graph shown in Fig. 9 are only implicitly encoded into the two-



Figure 9: Graph represent at ion for a t ety ahied ral truss structure with 102 struts and its
mapping into a rectangular grid.

dimcensional array data structure. In addition, the contacts betweenunits that sharc only
one strut, or only one node, are also implicit 1y encoded into the ar ray. For example, a
tetrahedron-up at cell (7, j) (i.e. line i, coluinn j) shares one stiut with the tetrahedron-
downat ccl] (i -12, j), another strut withthe tetrahedron-downateell -1, 7 - 1), and
another strut with the tetrahedron-down at cell (i - 1, 5 1 ). As another example, an
octahedron at cell (7, j) shares one node with the tetrahedron at cell (i-12, 5 - 2).

It should be pointed out that Fig. d,shows one mapping fromn the graph 1¢pl esentation of
tetrahedral truss structur ¢, which is a hexagonal grid, into a quadratic gr id. The quadratic
grid shown in I¥ig. 9 has the advantage of being rectangular, but it leaves many empty calls.

In a computer implementation, if the available storage space is scarce, it is straightfor ward

10
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Figure 10: The six orientat ions in which half-hexagons inay occur: (8) 1'2; (b) 1'4; (c¢) 1°G;
(1) P&;(c) 1'10; (f) 1’12.

Figure 11: The mapping of the graph representation of tetrahedral truss structures into a
quadratic (not rectangular) grid.

1o devise other mappings from the hexagonal grid into a quadratic grid, which nay not
be rectangular. Fig. 11 shows another mapping from the graph representation of truss
structures into a quadratic grid. Uunlike the one shown in Fig. 9, the mapping shown in
Fig. 11 docs not leave empty cells, except, of course, in the periphery of the graph.

As it will becomne clear in the following subscctions, this graph representation of truss
structures allows an asscinbly planner to exploit the regularity in which the parts are joined
to iimprove its planning cfliciency. This improvement is due, in part, to the encoding of
the geometry of the truss structure in the topology of the graph. Morcover, the graph
representation also allows the planner to take advantage of the multiple hicrarchics that
exist in tetrahedral truss structures. The decision of which hicrarchy to choose does not have
to be made until it is needed. Being able to delay the selection of the hierarchy, the planner

will have more information available to decide which hicrarchy is more advantageous, and

1



IFigure 13: The graphrepresentation of the linear t etrahedralbeainshowninleig. 12.

thercfore will be able to make a better choice.
As an example of an another configuration, FFig. 12 shows a lincar tetrahedral truss

structure. The graph representation of this structure is shown in g, 13,
3.2 Control strategy

Several methodologices for represent ing assembly sequences have beenutilized (8], including
representations based o011 directed graphs and AND/ORr graphs.

As mentioned in Section 3, it is preferred to complet ¢ the assembly of a tetrahedral
or pentahedral unit before beginning the assembly of another unit [1 3]. Therefore, the
assceinbly task can be redefined as the assembly of one tetra hedron or one pentahed ron.
In this definition, cach assembly task consists of a sequence of subtasks, each being the
assembly of onestrut.

Since cach assembly task is the addition of exactly one volwnetric unit, both the directed
graph and the AND/OR graph will have the sainesize. The directed graph representation

has been used in this work because it is simpler and casier to understand and implement.
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Figure 14: A portionof thedirected graph of asscinbly sequences, which is alsoshownin
Iig. 15. The vertices have beenlalele d by the top view of the partial truss structure at
cach State of t 11(! asscinbly process.

The vertices in this directed graph correspond to the states of the assernbly p rocess, which
can be characterized by the deseription of t he substi ueture already asser nbled. "T'he edges
in this dirccted graph represent t he assanbly tasks, cach corresponding to the addition of
one volumetric unit.

Figs. 14 and 15 show a portion of the directed graph of assembly sequences. in Fig. 14,
the vertices have heen labeled by the top view of t he partial truss structure at, cach state
of the asseibly process. This labeling is better for displaying the assembly sequences for
humans. In Fig. 15 the vertices have heen fabeled by the graph representation of the partial
{russstructure at cach state of 1 heassembly process. This labeling reflects more closely the
comput er internal represent a jon of the asseinbly sequences. In both figures, the vertex at
the top corresponds to a state in which one octahedron and two tetrahedrons are alrcady
asscmnbled. ‘T he two vertices in the middle corresponds to stat es in which an additional
pentahedron is already asscinbled. Inthe left, vertex the additional pentahedron is 1'10, and
intheright vertex theadditionalpentahedronis 1 ‘8. The vertex at the bottom corresponds
to a state in which two octahedrons and two tetrahedrons are already assembled.

I'igs. 14 and 15 also illustrate the advantage of using the mmultihicra rchical representation

13



Figure 15: A portion of the directed graph of asseibly sequences, which is also shown in
I4ig. 14. The vertices have been labeled by the graph representation of the partialtruss
structureat cachstate of t he asseinbly process.

of tcetrahedraliruss structures introduced inSection 3.1. Because the building blocks are
tetrahedrons and octahedrons, it s possible to generate sequences that use diflerent sets
of pentahedrons as assembly tasks. As pointed out above, the additional pentahedronin
the left middle vertex is not the same as the one in the right middle vertex. By using the
representation o11 Fig. 9, the three possibilities in which an octahedron can be subdivided
can be considered. Inthe scenario described in Section 1, the two possibilitics corresponding,
tothe subdivision of theright octahedroninto 6 and P12 are not considered valid. 1f the
structure had been viewed as a comnposit ion o f pentahedrons and tet rahedrons, only one
alternative would be consider cd.

ISach assembly sequence corresponds to a path in the direeted graph of asscmnbly sc-
quences, starting, in the vertex that hasnolabel (i.e., 110 strut has heen asseinmbled) and
¢ nding in the vertex that is labeled by tile whole tiuss st ructure (¢- ¢, thestructure shown if
1%ig. 1) 1 3y construction, t he directed graph of assembly sequenceshasnocycle. A measure
that refleets the quality of an assembly sequence can be computed by assigning costs to the

vertices (i.e.,thestates of the assembly process) and to the edges (i.e., theasseinbly tasks).

14



The cost of a path p can be defined recursively as:

Cs(sp) if the path has only one node

cost(p) =
() Cs(sp) 1 Cr(ty) -1 cost(ry,) otherwise

where s, is the initial vertex (state) of p, i, is theinitial edge (task) of p,andr, is the
tail of p,that is, what is left of p after s, and i, arc reioved. The function Cg gives an
asscessient of the quality of a st ate of the assembly process. Better (e.g.,more st api() states
correspond to sialler values of Cg. T'he function Oy gives an assessient. of the quality
of a taskin the assembly process. Better (¢ g., less complex or less time consuining) tasks
correspond to smaller values of (.

An additional advantage of t he direct ed £raph representation of asscinbly sequences
and its associated cost function is that it allows both backtracking and graph scarch control
regimes [10] to be implamented. 1n the backtracking control regime, only one path is
maintained in the computer memory. This scheine uses less mcenory, but it may become
ineflicient if the same path is explored more than once. In the graph scarch control regime,
all the partial paths explored are kept innemory. This schemne requires more memory, but
avoids repeating the samne computation when a path is explored more than once.

The construction of the assembly sequence can proceed in backward or forward fashion.
The former is casier 1o understand because it corresponds to the actual assembly process.
I3ut the assembly planning is usually more eflicient going backwards, fromn the goal state 1o

the initial state, because it avoids dead-md  states.

3.3 Production rules

"T'he production rules that are introduced in this subscet ion contain the condit ions for the
exceution of anassemnbly task and the changes that occur inthe state of the tress structure
when that task is exccuted. In the operation of t he planning system, whenever a production
rule is applied, the global database must be updated to reflect the chianges inthe state of
the truss structure.

A production rule has two parts: precondition and effect. ‘T'he precondition specifies the
situations inwhich the rule can be applied. 'I'he effecet deseribes the changes that oceur in
the global database when the rule is applied.

The sitnplest, way to introduce the production rules is by an example. Fig. 16 shows
onc production rule. 1t corresponds to the asseinbly task that finishes up one octahedron,

starting with onc of its peutrahedral halves already assembled.  Fhis production rule is



« 1 ’recondition:

1. Cell (4, j) currently contains a pentahedron Pk,
2. Goalis onc octahedronin cell (i, 5).
3. All cals (x,y)for which L(z, 9,1, §,k) > (), where
{2, y, 4,5, k)= - cosa-a-sina-y-li-cosa- j-sina,
arecinply
o Iiflect:
1. Adjust the angle of the truss structure and the ay position of

the robot arin according, 1o the position of ccll (i, 7).

2. Install pentahedron P in cell (4, 7), where & = remn(6 -1 k,12).

N . . bk . .
Ttigure 16: Production rule example; o = arctan ;—’( ") where a(k) and b(k) arce defined in
£ ) alk))

Table1. Vig. 17 shows a state that satisfies the precondition of this productionrule.

associated with the case in which only the base of the “missing” pentahedron is in place.
T'herefore, the asseinbly task will include the assembly of the four st ruts from the base to
the apex node.

If the pentahedron alrcady asscinbled is Pk, the pentahedron that will complete the
octahedron is 1 ‘k’, where k' = ran(6-1k, 12). Since k canbe any of the six clemients of
{2, 4,6,8,10,1 2}, Iig.16 canbe viewed as deseribing six production rules.

The first two preconditions shmply verify that the goal is an octahedron in a cell (7, 7)
that currently has a pentahedron

The third precondition verifies that no collision will occur between the truss structure
and the carriage where the base of the robot is mounted. It requires that all cells on the
same side as PA' with respeet to the line L(x,y,7,5,k) = 0 be ainpty. This line has an
oricntation, like an axis, and gocs through cell (7, 4). The angle from the horizontal axis of
the graph representation of the truss structure to line L{a,y,4,7,k) = 0is a - arctan %étg
T'his is the angle by which the horizontal axis must be turned to become aligned and have
the same orientation as the line L{a,y,4,7,k) = 0. Table 1 shows the pairs a(k) and b(k)
for cach value of k.

The third precondition subswuines the precondition that the tetrahedrons in the cells

16



Table 1: The pairs a(k) and h(k) such that i’ét; is the tangent of the angle fromn the horizontal

axis of the graph representation of the truss structure (Fig. 9) to line L(a,y,4,4,k) = 0 in
the production rule example shown in figure 16.

k| ak) | bik)
2 1 -3
4 -1 -3
§ -1 0
8 -1 3
10| 1 3
121 1 0

(5,5), (G,6), and (8,6) have not yet been assembled. This guarantees that only the base of
the “mnissing” pentahedron is in place.

Iig. 17 shows a st ate that satisfies t he precondit ion of t he production rule shown in
Iig. 1 G for cell (7, 5)and k= 10. Theline L(x, y,7, 6,10): 0 is also shown.

Theefleet. of this productionrule is the installation of pentahedron PE in cell (4, 7).
1 3cfore this can be exceuted it nay he necessary to turn the truss structure and to mnove
the carriage and the Lase of the robot arin. T'his adjustinent depends on the position of ccll
(i, 7). The actual installation of struts follows a precomnpiled sequence of subtasks cach of
which is the addition of one stint. This precompiled sequence, which includes the motions
of therobot arn, is independent of the position of the cell (4, §).

For cell (7, 5) and k- 1() inFig. 17, t heeflect of the productionrule s} owninliig. 16
is the addition of a pentahedron 1'4 since k= (1 H(( -1k, 12) = 4. Therefore, the asseinbly
task includes the assembly of the four struts incident to node 4.

The production rule shown in Fig. 16 is used when the generation of asscinbly sequences
goces in forward fashion. It is straight forward to write a corresponding production rule for
generating assembly sequences in backward fashion, or disassembly sequences.

For cach possible geormetric configuration that a cell can take, there is a production rule
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Figure 17: ¥xample of state that satisfies the precondition of the production rule shown in
I%ig. 16 for cell (7,5), and k- 10.

similar to the one in 1%g. 16. Since there are only a few geometric configurations for a cell,

the total number of production rules is small.

3.4  Planning repair sequences

"The approach described in this section is adequate for planming the assembly of a truss
structure. It may also be used to plan the disasseinbly of the whole structure. In cither
case, the planing strategy can take advantagc: of the fact that the nunber of tasks inall the
alternative assembly sequences is the same, since (hore must be one task for cach strut in
the truss structure.

I the case of repair, however, there is 110 need o ramove all struts. When planning the
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replacement Of astrut, the app roach deseribed in the previous subsections must be modified
to also minimize the number of struts reimoved, that is, to ininimize the nuiber of tasks.
Thiis can be accomplished by usinig the production rules in a diflerent way. Instead of using,
the productionrulesto test whether ornot the addition of a unit is feasible, they are used
to find t helargest substructure to which a unit that containst he target, strutmaybe added.

Iig. 17 shows the largest structure to which a pentahedron 14 can be added to ccl]
(7, 5). Thissubstructure can be determined by finding out which cells must be empty if the
precondition of the productionrule showninldig 1 6 is to he sat isfied.

‘Thereplacanent of one of t he four struts froin the base to the apex of pentahedro 144
i cell (7, B) can be accomplished by first removing the struts in the units not shown in
Iig. 17. Once t hose struts areremoved, it is possible to disassainble the pentahedro 1'4 in
cell (7, 5). At this point the new stint, is replaced and the whole structure canbe assembled
by following the reverse of t he disassembly sequence.

Since the same strut can be part of up to six units, the planming, of repair sequences
must consider up to six largest subst ructures. I'urthermore, all the production rules that
can be used to complete cach type of unit must be consider ed. Tnthe case of repair, the

planning systemn must consider all alternatives and sclect the overall best.

3.5 1 ’rototypesystem

In order to test the effectiveness of the approach and representation deseribed above, an
Interactive production system named 1Asr has been implemented. To provide insight into
good cost functions, TAsr is interact ive, uses a backt racking cont rol schieme, and operat es
in forward fashion’.

The input to 1AsE is a description of the desired structure. In addition) the first unit
to be assembled must also 1)(0 given. At cach step, amenu containing all the subunits that
can be asseinbled next is displayed for the user. These options are obtained by testing,
whether or not the preconditions of the production rules match the current state of the
assemnbly process. <) 'he alternatives in t heienu are ranked accor ding, to TASI “s preference

criterion?. ‘The user may accept the systan’s choice for the next subunit or may select

1 As mentioned in subscetion 3.2, bo th backtracking and graph se arch control regimes can bheimplemented.
Fur thiermore, the const1uct ion of t he asseinbly seq uence can p roceed in backward or for ward fashion. The
choice of the mnost appropriate conitrol regime w ill depend on the parti cular application, as will the sclection
of t he dircetion in which thesequence IS gener std.

ZThe cost function that is nsed is a function of the translation of the carriage, the translation of the basce
and the rotation of the structure. The short er those motions, the lower t he cost function. The task for which
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another alternative among those that arce feasible. A graphical display of the truss structure
allows the user to visualize the available options. At any point, the user can force TASP {0
backtrack and to “undo” one or more asseinbly tasks.

Although primarily a research tool, TASE has been used 1o generate assembly sequences
for the 102-strut structure shown in Fig. 1. Asscinbly scquences generated by 1rase signif-
icantly reduced the amount of rotation when compared to a sequence generated by hand.
As an engincering tool; this interactive system exploits the strengths of humans and comn-
puters. Computers are better at guarantceing that the scquence is correet and that no
option is overlooked. Humans are better at assessing the quality of an asseinbly sequence.
Ifarthermore, the use of this interactive system has provided insight into the key aspeets
that a cost function must capture.

In cach asscinbly task, a number of struts are assembled. For examnple, in the tasks
corresponding 1o the effect of the production rule shown in Fig. 16, four struts are assembled.
By properly positioning the carriage and the base of the robot, the arm motions to install a
given strut are the same regardless of the position of the octahedron that is being completed.
In the current implementation, these motions were taught [3]. 18ach production rule is
associated wit h the pathstoinstallt hestruts of its corresponding subunit. ‘I 'herefore, the
output of the planning systemn includes, for cach strut, the positions of {he carriape and the

basc of the 1°01.)()(, the angle of thetrussstructure, and the specific arm motions to be used.

4 Conclusion

In previous work [15], the representation used for assanblies consisted of a hicrarchy of
three levels. 'The highest (i.c., the most abstract) level deseribed the topology of the parts.
Whenever an assembly is made of parts that have the same shape and that are connected in
a patterned way, the highest level of its representation can incorporate not only the topology
of the parts but also their geometry. Inthe case of a truss structure, the representation can
also capture its multiple hicrarchics.

By using a representation that incorporates the geometry of the parts in its highest level,
the plannmer can avoid the complex geometric reasoning that is necessary to decide whether
or not a candidate assembly task is feasible. Instead of performing computation conparable
to that of path planning algorithins in order to decide the feasibility of a candidate asseinbly
task, the planmer tests the preconditions of a set of production rules. These tests can be

the cost function is miniinal has the highest preference.
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accor nplishied with inexpensive computation. T'he production rules correspond to the pos-

sible geometric configurations. Pypically a sinall munber of rules cover al possibilitices. For
tetrahedral truss structures there are only 1°2 rules 3 The same production rules, employed
in a diflerent way, canbe the basis for planming repair sequences which require the partial
disasscinbly.

1 3y using ahicrarchicalrepresent ation, the sizel of thescarch space canbe significantly
reduced. In the case of t russ structures, there are different ways to cluster the parts into
subassemblies but none is naturally preferable thian the others. The representation of tetra-
hedral truss struet ures int roduced in this paper captures t heir multiple hicrarchies. The
loss of completeness that usually arises with the use of hicrarchical representations is not
a problem in this casce. 13y using a multihicrarchical representation, the choice between
hicrarchics can be made as the plan is generated, thus allowing a better selection than if
the choice were made in advance.

“Jo deal with devices inwhich only a subasseinbly is made of identical parts intercon-
nected ina regular way, this approach can be combined with the other existing, approaches
to assembly planning,.

The use of a prototype systein, which is interactive, is providing further insight into the
production rules and into the key aspects that a cost function must capture. Iuture work
will focus on cost functions and their corresponding, heuristic evaluations.

Iuture work should also explore the combination of the approach described in this paper
with machine learning techniques. For app lications in which the cost function is fixed, and
the configuration of { he structure is always the same (e.g., it is aways hexagonal), there

may be direct enumeration schemes which would avoid the need for search techniques.
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